CD44 is a major cell surface receptor for the large polydisperse glycosaminoglycan hyaluronan (HA). Binding of the long and flexible HA chains is thought to be stabilized by the multivalent nature of the sugar molecule. In addition, high and low molecular weight forms of HA provoke distinct proinflammatory and anti-inflammatory effects upon binding to CD44 and can deliver either proliferative or antiproliferative signals in appropriate cell types. Despite the importance of such interactions, however, neither the stoichiometry of multivalent HA binding at the cell surface nor the molecular basis for functional distinction between different HA size categories is understood. Here we report on the design of a supported lipid bilayer system that permits quantitative analysis of multivalent binding through presentation of CD44 in a stable, natively oriented manner and at controlled density. Using this system in combination with biophysical techniques, we show that the amount of HA binding to bilayers that are densely coated with CD44 increases as a function of HA size, with half-maximal saturation at ϳ30 kDa. Moreover, reversible binding was confined to the smaller HA species (molecular weight of <10 kDa), whereas the interaction was essentially irreversible with larger polymers. The amount of bound HA decreased with decreasing receptor surface density, but the stability of binding was not affected. From a physico-chemical perspective, the binding properties of HA share many similarities with the typical behavior of a flexible polymer as it adsorbs onto a homogeneously attractive surface. These findings provide new insight into the multivalent nature of CD44-HA interactions and suggest a molecular basis for the distinct biological properties of different size fractions of hyaluronan.
few thousand) CD44 binding sites. Individual HA chains can thus interact simultaneously with many receptors on the cell surface. Moreover, changes in the density and arrangement of CD44 at the cell surface, including local enrichment or clustering, can affect the overall strength or avidity of such a multivalent interaction. A third mechanism proposes that changes in the conformational state of HA through the formation of protein macromolecular complexes (10, 14) or differences in HA chain length can influence both HA binding and its functional consequences. For example, low molecular weight HA produced during matrix turnover is known to have proinflammatory properties, whereas high molecular weight HA present in intact matrix induces immunosuppression, reflecting differences in the capacity of each size fraction either to activate Toll-like receptors or to bind CD44 and stimulate FoxP3 ϩ CD25 ϩ regulatory T cells (T reg ), respectively (15) (16) (17) . In addition, preparations of HA defined operationally as "low molecular weight" (20 -500 kDa) have been reported to promote cell cycle progression via a CD44/Rac/ERK pathway in smooth muscle cells, whereas higher molecular weight fractions (Ͼ500 kDa) were shown to be inhibitory (18) . The molecular basis for this HA size threshold phenomenon remains completely obscure. Moreover, the definition of "low molecular weight HA" lacks consistency in these studies, in some cases referring to oligomers that correspond to a single binding site for CD44 (16, 19) and in others to polymers with more than 100 binding sites (18, 20) .
The affinity of CD44 for high molecular weight HA has been found to be rather weak, with a K D in the range of 10 to 100 M (13, 21) . It is therefore likely that much of the regulatory potential lies in the spatial arrangement of receptors on the cell surface. Apart from artificial manipulation of CD44 to assess the effects of dimerization (7, 22) , there are currently no methods available to investigate the influence of receptor density in a controlled manner. Conventional in vitro binding assays are sensitive to interactions between individual ligand/receptor pairs but ignore the spatial confinement and arrangement of HA receptors in two dimensions that pertain within the cell membrane. Although cellular assays have provided valuable insights into overall patterns of regulation, the complexity of the living cell makes it difficult to disentangle the relative contributions of the different types of interactions outlined above. For example, CD44 isoforms with different affinities may coexist on the same cell surface, and the average and local surface densities of these receptor populations are rarely known. As a consequence, it has been difficult to address the simple yet pertinent question of how many receptors are required to bind HA stably to the cell surface.
Here, we present a novel approach that overcomes many of the shortcomings of existing cell-based analyses and allows investigation of the multivalent interaction between CD44 and HA in a highly controlled manner. The method is based on the immobilization of CD44 on a planar solid support that is covered with a lipid bilayer. We employed several complementary and surface-sensitive biophysical techniques to quantify binding of HA and to characterize the stability and morphology of the HA films that are formed. Our results provide new insights into the multivalent nature of stable CD44-HA interactions and the role of HA as a flexible polymer in the regulation of binding. Furthermore, they have far reaching implications, allowing novel understanding of the molecular mechanisms underlying biological function.
EXPERIMENTAL PROCEDURES
Buffers-A Hepes buffer solution of 150 mM NaCl, and 10 mM HEPES, pH 7.4, in ultrapure water was used to prepare lipid vesicles and in all experiments reported. CaCl 2 (2 mM) was added throughout all measurements related to model system 1 (see "Results"). NiCl 2 (5 mM) was included in the incubation step leading to the formation of supported lipid bilayers (SLBs) containing bis-NTA-functionalized lipids.
Hyaluronan Preparations-Lyophilized HA with well defined molecular weights of 10 Ϯ 2 kDa (PrimeHA-12), 30 Ϯ 1.5 kDa (SelectHA-50), 262 Ϯ 13 kDa (SelectHA-250), 450 Ϯ 23 kDa (SelectHA-500), 1156 Ϯ 58 kDa (SelectHA-1000), and 2400 Ϯ 120 kDa (SelectHA-2500) was purchased from Hyalose (Oklahoma City, OK). HA 8 and HA 34 oligomers were prepared as reported before (23) . For reconstitution, HA was dissolved in ultrapure water at a stock concentration of 1 mg/ml and gently shaken overnight. The stock solution was then aliquoted and stored at Ϫ20°C. Before use, HA was diluted in the Hepes buffer to the desired concentration.
Expression and Purification of CD44 HABD Constructs-The (HABD) 2 -Fc construct was prepared in a modified version of the expression vector pCDM7Ig, which encodes the hinge, CH2, and CH3 regions of human IgG1. The modification consisted of a linker inserted into the BamHI site such that a 10-histidine tract followed by a TEV protease cleavage site (ENLYFQG) was placed in frame with the Fc coding sequence. The HABD region consisting of the first 170 residues of human CD44 (including the N-terminal signal peptide) was amplified using Pyrococcus furiosus (Pfu) DNA polymerase from fulllength human CD44 cDNA using the forward and reverse primers huCD44-12 (5Ј-CGCGaagcttCGCTCCGGACACC-ATGGACAAG-3Ј) and huCD44-465 (5Ј-CGagatctGGGTAG-ATGTCTTCAGGATTCG-3Ј) that contain HindIII and BglII restriction sites (shown in lowercase type), respectively.
Appropriately digested PCR products were ligated into the modified pCDM7Ig vector that had been digested at the HindIII site and at a new BamHI site created at the 5Ј-end of the linker. Candidate recombinant plasmids were sequenced to confirm the integrity of the clones.
HEK 293T cells were transiently transfected and cultured in CHO-S-SFM II serum-free medium (Invitrogen) for 3 days before supernatant was collected and passed over protein A-Sepharose (Sigma), followed by elution of the Fc fusion with 0.1 M glycine, pH 3, and the addition of one-twentieth volume 2 M Tris-HCl, pH 8, to eluted fractions.
To produce His 10 -tagged monomers of HABD (His-HABD), DTT and EDTA were added (to final concentrations of 0.1 and 0.05 mM, respectively) to samples of (HABD) 2 -Fc prior to the addition of AcTEV protease (Invitrogen) at a ratio of 1 unit per 5 g of protein and digested for 2 h at 20°C before the removal of uncleaved fusion protein and digested Fc by passing the digest over protein A-Sepharose and removal of AcTEV protease by passing the sample over Ni 2ϩ -NTA-agarose (Invitro-gen). Finally, the digested monomeric HABD was subjected to gel filtration using a HiLoad 26/60 Superdex 75 pg chromatography column (GE Healthcare). Stock solutions of about 1 mg/ml HABD constructs were stored at Ϫ20°C. Before use, (HABD) 2 -Fc and His-HABD were diluted in Hepes buffer with and without added calcium, respectively, to the desired concentrations.
Preparation of Other Proteins-A chimeric protein (AnxA5-Z) was constructed by fusing annexin A5 with a Z domain of protein A from Staphylococcus aureus, using standard molecular biology methods (24) . The ZZ domain from the plasmid pEZZ-18 (GE Healthcare), which codes for a protein binding the Fc fragment of IgGs (25) , was amplified by PCR, with primers to introduce NheI and BamHI sites at the 5Ј-and 3Ј-ends of the ZZ-coding sequence; the product was then cloned into the pGEF-A5 vector, which encodes full-length rat AnxA5 (26) to produce plasmid pGEF-A5ZZ. The insert encoding AnxA5-ZZ was then removed from pGEF-A5ZZ and cloned into the pET11b vector (GE Healthcare) at the XbaI and BamHI sites to produce plasmid pET11b-A5ZZ. A Z domain from this vector was amplified by PCR and cloned into the NheI/BamHI sites of pET11b-A5 to produce the desired plasmid, pET11b-A5Z.
Recombinant AnxA5 and AnxA5-Z were expressed in Escherichia coli BL21 (DE3) cells and purified on a Superdex-75 (GE Healthcare) size exclusion column, followed by MonoQ HR5/5 (GE Healthcare) anion exchange chromatography, as described previously for AnxA5 (26) . Stock solutions of about 1 mg/ml AnxA5 constructs were stored at 4°C and diluted in calciumcontaining Hepes buffer prior to use.
Purified BRIC 235 monoclonal antibody (BRIC 235 mAb) was purchased from the International Blood Group Laboratory (Bristol, UK).
Substrate Preparation-Silica-coated QCM-D sensors (QSX303 and QSX335, Q-Sense AB, Västra Frölunda, Sweden) and silicon wafers with a native oxide layer of about 2-nm thickness (University Wafers, South Boston, MA) were immersed in an aqueous solution of 3% (w/v) SDS for 30 min, rinsed abundantly with ultrapure water, blow-dried in N 2 , and treated with UV/ozone (Bioforce Nanoscience, Ames, IA) for 25 min and stored in air. Glass coverslips (24 ϫ 24 mm 2 ) were immersed into Piranha solution (H 2 O 2 /H 2 SO 4 ϭ 1:3) for 1 h, extensively rinsed with ultrapure water, blow-dried with N 2 , and stored in sealed Petri dishes under nitrogen. Cleaned substrates were exposed to UV/ozone (25 min) prior to use.
Preparation of Lipids and Vesicles-Lyophilized 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoylsn-glycero-3-phospho-L-serine (DOPS) were purchased from Avanti Polar Lipids (Alabaster, AL). Bis-NTA-functionalized octadec-9-enyl-octadecyl-amine (OEOA-bis-NTA) was kindly provided by Jacob Piehler (Osnabrück University, Germany) and prepared as described earlier (27) . The divalent presentation of Ni 2ϩ -loaded NTA improves the binding stability of histidine-tagged proteins, with dissociation constants in the lower nanomolar range (28) . Mixtures of DOPC/DOPS (3:1 molar ratio), DOPC/OEOA-bis-NTA (9:1), and pure DOPC were dissolved in chloroform, dried, resuspended in Hepes buffer, and homogenized as described earlier (29) . Small unilamellar vesicles (SUVs) were obtained by sonication (30) or extrusion (50 nm final pore size) (31) . SUV suspensions were stored at 4°C under nitrogen and diluted to desired concentrations before use.
Quartz Crystal Microbalance with Dissipation Monitoring-QCM-D measures changes in resonance frequency, ⌬f, and dissipation, ⌬D, of a sensor crystal upon interaction of (soft) matter with its surface. The QCM-D response is sensitive to the mass (including coupled water) and the mechanical properties of the surface-bound layer. Adsorption and interfacial processes were monitored in situ with subsecond time resolution. Measurements were performed with a Q-Sense E4 system (Q-Sense AB), in flow mode (30) and at a working temperature of 23°C. Changes in dissipation and normalized frequency, ⌬f ϭ ⌬f n /n, of the seventh overtone (n ϭ 7; i.e. ϳ35 MHz) are presented.
For sufficiently rigid biomolecular layers at high surface coverage, the film thickness can be estimated, to within an error of typically Ͻ20%, by the acoustic thickness, d ϭ ⌬m/ H 2 O ϭ ϪC/ H 2 O ϫ ⌬f (32), where ⌬m, H 2 O ϭ 1.0 g⅐cm Ϫ3 , and C ϭ 18.06 ng⅐cm Ϫ2 ⅐Hz Ϫ1 are, respectively, the adsorbed mass (including coupled water), the density of the bulk solution, and the mass sensitivity constant for a sensor crystal with a fundamental resonance frequency of 4.95 MHz. For very soft films, such as HA, this equation is not valid, and colloidal probe reflection interference contrast microscopy (RICM) was used for the thickness estimation instead.
Ellipsometry-Ellipsometry measures changes in the ellipsometric angles, ⌬ and ⌿, of polarized light upon reflection at a planar surface. We employed ellipsometry in situ, using silicon wafers as substrates that were installed in an open glass cuvette with continuously stirred sample solution, to quantify adsorbed biomolecular masses in a time-resolved manner.
Measurements were conducted with a spectroscopic rotating compensator ellipsometer (M2000V, J. A. Woollam Co., Lincoln, NE), as described earlier (30) . The custom built cuvette was cleaned in 3% SDS (30 min), rinsed with ultrapure water, and blow-dried with N 2 , passivated by immersion in an aqueous solution of 10 mg/ml bovine serum albumin (15 min), rinsed again with ultrapure water, and blow-dried with N 2 . Bound masses were determined by numerical fitting of the ellipsometric data to a multilayer model, as described elsewhere (30, 33) . To validate our quantitative approach, we compared the experimentally determined adsorbed amounts for known films (see Combination of QCM-D and Ellipsometry-Selected measurements (supplemental Fig. S1 ) were performed with a combined setup that simultaneously provides QCM-D and ellipsometric data on the same surface. To this end, a purposedesigned flow module (Q-Sense AB) was used. The technical implementation and the numerical fitting of the data are described elsewhere. 3 Colloidal Probe Reflection Interference Contrast MicroscopyColloidal probe RICM was used to estimate the thickness of surface-bound HA films. This microinterferometric technique measures the height at which a colloidal probe hovers above a transparent planar substrate (37) . The model systems were assembled on glass coverslips, using a custom-built liquid cell. Polystyrene microspheres (Polysciences, Eppelheim, Germany) of ϳ25-m diameter were coated with a passivating polyethylene glycol layer of about 10 nm in thickness and used as colloidal probes. RICM images at three different wavelengths were acquired simultaneously to ensure unambiguous determination of distances up to 1 m (31). Distances were determined with a simple model (parallel plate approximation with incident light parallel to the surface normal) (38) . See the supplemental material for details of the measurements and data analysis.
RESULTS
Design of the Model SystemsTwo different approaches were devised to immobilize the HABD of CD44 on SLBs (Fig. 1 , B and C). In model system 1, two HA binding domains of CD44 were fused to an immunoglobulin Fc domain ((HABD) 2 -Fc). A bifunctional fusion protein, made of annexin A5 (AnxA5; a protein that binds to negatively charged lipids) and the Z-fragment of Protein A that binds the Fc domain, was used to immobilize the HABD dimer to SLBs containing the phospholipid DOPS. For model system 2, the (HABD) 2 -Fc construct was cleaved within the TEV protease site, located at the N-terminal side of the Fc hinge region, releasing His-HABD. HABD monomers were then directly immobilized on SLBs containing lipids with an Ni 2ϩ -loaded bis-NTA-functionalized headgroup. Thus, these two strategies provided both monomeric and dimeric CD44 HABD constructs for study. SLBs were chosen as a support because they are inert to nonspecific binding of most proteins and preserve the lateral mobility that characterizes membrane-bound proteins. All steps in the assembly of the model systems were monitored by QCM-D (see Figs. 2 and 3 and Table 1 ).
Construction of Model System 1 (HABD Dimers)-Exposure of SUVs made of a mixture of DOPC and DOPS revealed the characteristic response for SLB formation ( Fig. 2A) (39) . Subsequent incubation with AnxA5-Z yielded an additional frequency shift of about Ϫ27 Ϯ 1 Hz ( Fig. 2A) , or an acoustic thickness of 4.9 nm. It was previously shown that AnxA5-Z retains the capacity of native AnxA5 to bind to negatively charged SLBs in a stable and highly oriented manner, with the Z-fragment being exposed in the bulk solution (40) . The acoustic thickness of 4.9 nm is in reasonable agreement with the expected thickness of the AnxA5 layer (2.8 nm) (35) plus the size of the Z-fragment (ϳ3 nm). Changes in dissipation of about 1.0 Ϯ 0.2 ϫ 10 Ϫ6 were observed for AnxA5-Z, whereas only minor changes are typically found for native AnxA5 (26) . We attribute the increased dissipation to the presence of a flexible linker that confers rotational freedom to the bulk exposed Z-fragment (41).
(HABD) 2 -Fc readily bound to AnxA5-Z-covered SLBs ( Fig.  2A) . Adsorption was initially fast but slowed down progressively until stabilization of frequency and dissipation after about 30 min. Binding was stable upon rinsing in buffer solution. (HABD) 2 -Fc did not bind to native AnxA5 (Fig. 2B) , confirming that binding to AnxA5-Z was specific. The total acoustic thickness of the AnxA5-Z/(HABD) 2 -Fc layer was about 12 3 I. Carton, A. R. Brisson, and R. P. Richter, submitted for publication. Start and duration of all incubation steps is indicated (arrows). SLBs were formed by spreading of 50 g/ml SUVs, made of DOPC and DOPS (3:1), to a silica surface. The two-phase behavior together with final changes in frequency (circles) of ⌬f ϭ Ϫ25 Hz and in dissipation (squares) of ⌬D Ͻ 0.3 ϫ 10 Ϫ6 characterize the formation of an SLB of good quality (36, 39) . Responses for the sequential incubation of 10 g/ml AnxA5-Z and 10 g/ml (HABD) 2 -Fc indicate formation of stable monolayers. Binding of 10 g/ml HA250 was readily detected. B, (HABD) 2 -Fc, incubated at 10 g/ml, did not bind to native AnxA5, confirming that binding to AnxA5-Z was specific. C, HA250 (10 g/ml) did not bind to AnxA5-Z, indicating that binding to (HABD) 2 -Fc was specific. For simplicity, SLB formation is not displayed for the assays in B and C, and only frequency shifts are shown.
nm. For comparison, the lengths of the HABD (1, 13) and the Fc domain (42) are 3.5 and 7 nm, respectively, whereas the thickness of AnxA5 and the average size of the Z-fragment are each about 3 nm. Because the Z-fragment binds between Fc domains CH2 and CH3 (42) , it is likely that about half of the Fc domain intercalates into the layer of Z-fragments. The resulting protein layer would then have a total thickness of about 13 nm, in reasonable agreement with the acoustic thickness. From the design of the protein fusion constructs and the QCM-D response, we conclude that the HA receptors are immobilized in a stable and suitably oriented manner on the surface.
HA with a selected molecular weight of 262 kDa (HA250) bound fast to the receptor-covered surface ( Fig. 2A) . Equilibrium was reached within less than 10 min, yielding ⌬f ϭ Ϫ7.5 Ϯ 1 Hz and ⌬D ϭ 1.7 Ϯ 0.2 ϫ 10 Ϫ6 . Although the interaction between HA and individual HABD domains is rather weak (K D ϳ65 M (21)), little or no desorption was observed upon rinsing ( Fig. 2A ). This provides a first indication that individual HA chains interact with several CD44 molecules to stabilize binding (i.e. the half-lives of the interaction are long). A small decrease in dissipation upon rinsing hints at a minor reorganization of the HA film upon removal of HA from the bulk solution.
Construction of Model System 2 (HABD Monomers)-SUVs that contained a fraction of bis-NTA-functionalized lipids formed stable SLBs (Fig. 3A) . In a second step, his-HABD was added. In contrast to the dimeric HABD, the monomer adsorbed quickly (within 15 min). The acoustic thickness of the protein film, about 5 nm, corresponds well to the size of the HABD (1, 13) . The magnitude of the dissipation shift, 1.0 Ϯ 0.2 ϫ 10 Ϫ6 , and the slight maximum at intermediate coverage are in accordance with the molecules being linked via a flexible linker to the SLB (41). The proteins remained stably bound upon rinsing in buffer but could be fully eluted in 200 mM imidazole (Fig. 3B) . Also, His-HABD did not bind to SLBs that lacked NTA functionality (Fig. 3C) . These controls confirmed that stable and specific anchorage is conferred by the protein's C-terminal His tag and the lipid's bis-NTA functionality.
The subsequent addition of HA250 resulted in shifts of ⌬f ϭ Ϫ7 Ϯ 1 Hz and ⌬D ϭ 1.2 Ϯ 0.2 ϫ 10 Ϫ6 . Again, binding was stable upon rinsing in buffer (Fig. 3A) . We note that the ⌬D/Ϫ⌬f ratio of the HA films on monomeric and dimeric HABD were similar (0.17 and 0.23 ϫ 10 Ϫ6 /Hz, respectively) but exceeded the values for the protein or lipid layers by at least 2.5-fold. This indicates that the receptor-bound HA chains assemble into a rather soft film and that the morphology of the HA film is only marginally, if at all, affected by the mode of presentation, monomeric or dimeric, of CD44 HABDs.
Authentic Nature of HA Binding to CD44-coated Bilayers-In order to validate the use of the synthetic bilayer system for analysis of CD44-HA interactions, we carried out a number of controls. HA250 did not show any binding when exposed to surfaces that lacked either (HABD) 2 -Fc (Fig. 2C) or His-HABD (Fig. 3B) , indicating that binding to the receptors was specific. Furthermore, the addition of BRIC-235 mAb, an anti-HABD antibody that blocks HA binding to native CD44 on leukocytes (43), led to inhibition of most or all HA binding to both His-HABD and (HABD) 2 -Fc coated SLBs (Fig. 4) . These findings indicate that the binding of HA to recombinant CD44 HABDs observed in coated SLBs resembles that of authentic full-length CD44 on the cell surface.
Estimation of CD44 Surface Density-Having characterized the thickness, stability, and morphological features of the functionalized lipid bilayer, we next quantified the amounts of each component adsorbed, in particular the effective density of CD44 and HA, by in situ ellipsometry (Fig. 5) . A, construction of model system 2, followed by QCM-D. SLBs were formed by spreading of 50 g/ml SUVs, made of DOPC and bis-NTA-functionalized lipids (9:1), to a silica surface. The final absolute frequency shift, ͉⌬f͉ ϭ 29 Hz, was slightly higher than in Fig. 2A , most likely due to the presence of the bulkier bis-NTA headgroups (33) . His-HABD, incubated at 10 g/ml, formed a stable monolayer, and binding of 10 g/ml HA250 was readily detected. B, HA250 (10 g/ml) did not adsorb to SLBs containing NTA functionality, and the bound monolayer of his-HABD could be fully eluted by 200 mM imidazole. Changes in ⌬f and ⌬D at about 130 min do not reflect any changes on the surface but resulted from a change in the viscosity and/or density of the surrounding solution due to the presence of imidazole. C, His-HABD (10 g/ml) did not bind to SLBs that were made of pure DOPC and thus lacked NTA functionality.
TABLE 1 Final QCM-D responses for each individual step of the formation of the model systems
Values were determined after rinsing in buffer; S.E. values correspond to variations between two or more measurements, and experimental noise.
Biomolecular film
Model system 1 Model system 2 ⌬f ⌬D ⌬f ⌬D Hz ϫ10
Ϫ6
Hz ϫ10 A maximal surface density of 4.0 Ϯ 0.2 pmol/cm 2 , or a surface area per molecule of 42 Ϯ 2 nm 2 , was obtained for his-HABD (Table 2) . This corresponds to a mean distance between neighboring anchor sites of 7.0 Ϯ 0.2 nm, which is about double the size of the peptidic core of the CD44 HABD (3.5 nm). It is likely that the heavy glycosylation of HABD increases the effective size of the receptor and thereby limits the packing density. It is also notable that the mean surface area per HABD monomer at saturation for (HABD) 2 -Fc (72 Ϯ 8 nm
2 ) is about 70% higher than for His-HABD. The surface density of AnxA5-Z (5.0 pmol/cm 2 ) exceeds that of (HABD) 2 -Fc by severalfold and hence is unlikely to limit binding. Instead, we propose that it is the elongated and rather bulky Fc domain that hinders further adsorption sterically. The pronounced slowdown of binding with increasing coverage that we observed for (HABD) 2 -Fc (Figs. 2 and 5 ) would be consistent with such a scenario. We stress that, in line with results from QCM-D, all protein layers were found to be stable upon rinsing in buffer, illustrating the stability of the assembled multilayer systems.
Quantification of HA Binding and Stoichiometry of the Interaction-HA250 (262 kDa) adsorbed to a maximum level of 11.5 Ϯ 2 ng/cm 2 , or approximately 40 fmol/cm 2 , on (HABD) 2 -Fc and to a maximum of 15 Ϯ 1 ng/cm 2 , or ϳ57 fmol/cm 2 , on His-HABD-coated SLBs ( Fig. 5 and Table 2 ). The bound masses of HA are hence an order of magnitude below those observed for either of the adsorbed protein species yet are still well above the detection limit (ϳ0.5 ng/cm 2 ).
Assuming a minimal footprint of HA 10 per receptor (7, 13, 44), we estimate that a single HA chain of 262 kDa could potentially accommodate 138 receptors. Furthermore, based on the surface density of CD44 determined by ellipsometry, we estimate the mean number of HABD monomers that are available per bound HA chain as 50 for (HABD) 2 -Fc and 70 for His-HABD. Of course, such estimates do not necessarily imply that all of these receptors are engaged in binding at any given time.
Influence of HA Concentration on Binding-The HA concentration in solution did not strongly influence binding over the range of concentrations tested (see Fig. 7A ). More than half-maximal binding was already reached at 1 g/ml, and saturation was readily attained at 10 g/ml. The responses for both CD44 constructs were identical. Below 1 g/ml, adsorption kinetics became exceedingly slow, and undesired sample depletion by nonspecific adsorption to chamber walls became predominant.
Influence of CD44 Surface Density on HA Binding-To investigate how receptor density affects HA binding, we performed a systematic study with 262-kDa HA (Fig. 7B and supplemental Fig. S1 ). Although binding did not depend significantly on the presentation of CD44 (i.e. monomeric versus dimeric), two adsorption regimes were found. At high receptor densities (Ͼ1.5 pmol/cm 2 ), HA binding attained a plateau, whereas between 0.5 and 1.5 pmol/cm 2 , binding scaled approximately linearly with receptor density (i.e. with 27 Ϯ 4 receptors being on average available per HA chain). Remarkably, HA binding remained stable, even for the lowest receptor surface densities (0.5 pmol/cm 2 ) investigated (not shown). Binding was also stable with 30-kDa HA at the lowest receptor densities tested (1.0 pmol/cm 2 ). Influence of HA Size on Binding to CD44-coated BilayersNext, we investigated how the size of HA affects binding to CD44. Given the similarity in binding characteristics observed with both CD44 model systems, we restricted this systematic analysis to (HABD) 2 -Fc-covered surfaces.
As shown in Fig. 6 , A and B, the amount of HA binding increased in a sigmoidal fashion with HA size and saturated for molecular weights of Ն262 kDa (see also Table 2 ). Approximately half maximal binding was observed with 30-kDa HA, for which the average number of receptors available per stably bound HA molecule (12 Ϯ 5; Table 2 ) corresponds quite closely to the maximal number of 16 available binding sites on the sugar chain.
Significantly, the reversibility of HA binding was strongly dependent on the size of the bound HA molecule. Specifically, 
TABLE 2 Stably bound amounts of HABDs and HA and stoichiometry of the binding interaction
Values were determined by ellipsometry, after rinsing in buffer, in measurements analogous to those displayed in Fig. 5 HA with molecular weights up to and including 10 kDa bound reversibly, whereas binding of HA with a molecular weight of 30 kDa or more was essentially irreversible (Fig. 6A) . Thickness and Morphology of HA Films-We employed colloidal probe reflection interference contrast microscopy (RICM) to estimate the thickness of stably bound HA films ( Fig.  6C and supplemental Fig. S2 ). Again, (HABD) 2 -Fc-covered surfaces were chosen for a systematic investigation. Compared with the CD44 HABD layer alone, the film thickness increased only marginally in the presence of 30-kDa HA. In contrast, we found an apparent thickness of around 50 nm for 262-kDa HA. The thickness increased further with the molecular weight of HA, albeit to a smaller extent. The film thickness for HA molecular weights of Ն262 kDa hence exceeds the size of the CD44 HABD by an order of magnitude, implying that long HA chains engage in binding only along a fraction of their contour. Extended parts of the polymer chains dangle in the solution in the form of flexible tails and loops (see Fig. 8 ).
From the amount of bound HA (Fig. 6B and Table 2 ) and the film thickness (Fig. 6C) , we estimate that the HA chains occupy only a small fraction (1-3%) of the film's volume (i.e. ample space remains available for the incorporation of other molecules). With its low carbohydrate density and the dangling tails and loops, the HA film would be expected to be soft, in agreement with our observations by QCM-D (see above).
Estimation of the Occupancy of Surface-bound Receptors-At HA molecular weights of Ն30 kDa, we found a rather large number of receptors to be available on average per HA chain (Table 2) . Are all of these receptors indeed engaged in binding at any given time? Expressing the adsorbed amounts of HA in units of HA 10 , the minimal footprint that is required for binding to individual CD44 molecules at the cell surface (7, 44), we derive maximal surface densities of ϳ3 pmol/cm 2 for 30-kDa HA and ϳ6 pmol/cm 2 for higher molecular weight HA. These values are indeed similar to or exceed the maximal surface density of membrane-bound CD44 HABD monomers (2.4 pmol/ cm 2 for (HABD) 2 -Fc and 4 pmol/cm 2 for His-HABD). For films made of HA with molecular weights of Ն262 kDa, the receptors can access only those portions of the HA chains within the 5-10-nm surface proximal region (Fig. 8) . A local concentration of 2.4 -4.8 mM HA 10 would be estimated for this surface proximal region, when assuming that the concentration of HA in a film of 50-nm thickness decreases linearly with the distance from the surface (Fig. 8) . It should, however, be born in mind that successful binding relies not only on the mere availability of HA at the receptor site but also on the accurate spatial alignment of the HA chain and the HA binding groove of CD44. The rotational mobility of the surface-bound receptors and the flexibility of HA should facilitate this alignment to some extent. However, due to the stereospecificity of HA binding, not all spatial constraints can be released by rotational or lateral motion of the receptors. The exact number of individual interactions that are engaged, on average, per HA chain thus remains difficult to assess. However, using this methodology, we are able to determine the maximum number of such interactions that would be possible for a particular length of HA and surface density of CD44.
DISCUSSION
We have developed in vitro model surfaces that reproduce the presentation of HA receptors on the plasma membrane in the sense that they expose the HA binding domain of CD44 in a natively oriented and stable manner and in a two-dimensional configuration. The surface density and type of receptors can be controlled, and their rotational and lateral mobility is likely to be retained. This is particularly so for the His-HABD monomer, which is anchored by a single (or at most very few) bis-NTA lipid to the fluid lipid membrane. In the case of the doubleheaded (HABD) 2 -Fc construct, the AnxA5 anchors are also likely to be laterally mobile under the conditions employed here (26, 45) , although their dense packing may slow down large scale lateral motions.
In conjunction with a toolbox of surface sensitive characterization techniques, these model surfaces allowed for the bind- ing of HA to be studied in a highly controlled, quantitative, and systematic manner.
Our approach differs from conventional binding assays in that the multivalent interactions between multiple binding sites on each HA chain and multiple receptors on the surface can be investigated directly. The affinity of the employed individual receptors for HA is rather low (K D of ϳ65 M (21)), and the lifetimes of individual interactions are thus short, as observed for HA 8 and molecular weights up to 10 kDa (Fig. 6A) . For high molecular weight (Ն30 kDa) HA, we found irreversible binding. This drastic increase in stability is a direct consequence of the avidity increase incurred by multivalent interactions.
We recall that the binding strength of a multivalent interaction can potentially increase very quickly with the valency. Neglecting entropic contributions and assuming that the enthalpic contributions to the free energy of binding are additive, the binding affinities of the individual interactions would be multiplicative (46) . Based on a K D of ϳ65 M for the interaction between CD44 and high molecular weight HA, this would imply that a valency of 3 would already result in a subpicomolar avidity. In comparison, the numbers of Ն27 receptors that we found to be available for HA chains of Ն262 kDa (Fig.  7B and Table 2 ) appear remarkably large.
HA has been shown to exhibit many features that are characteristic for a flexible polymer (47, 48) . In particular, the conformation of HA in dilute aqueous solution is well described by a swollen random coil, the size of which is given by the radius of gyration, R g , and depends on the molecular weight as follows, R g ϭ 1.3 nm ϫ (molecular weight (kDa)) 0.6 (47) . To interact with several membrane-bound receptors simultaneously, a given HA chain will have to undergo conformational changes. The energetic gain upon binding to several receptors will hence be offset by the entropic cost associated with a reduction in conformational freedom, and for a flexible chain, this penalty will be particularly high. We propose that this may be the reason why HA needs a rather large number of receptors for stable binding and hence that the mechanical properties of HA play an important role in determining the stability of HA binding to a receptor-covered cell surface.
Polymer physics has developed a theoretical framework that successfully describes the conformation of flexible polymers upon adsorption to surfaces (49, 50) , and it is instructive to compare these theoretical predictions (Fig. 8) with the adsorption behavior of HA.
For the adsorption at sufficiently high coverage (the so called pseudoplateau regime), a film thickness comparable with the polymer's radius of gyration would be expected (50) . For HA250, the R g is 37 nm (47), which is in reasonable agreement with our experimental data revealing an apparent film thickness of ϳ50 nm (Fig. 6C) . However, the film thicknesses, as measured by colloidal probe RICM, increased more slowly than R g with molecular weight. This discrepancy is not unexpected because the colloidal probe will compress very soft films to some extent, resulting in underestimation of the thickness values (see supplemental material for details).
Theory also predicts that the adsorbed amount becomes independent of molecular weight for high molecular weights (50) and that in this regime, saturation is reached at very FIGURE 7 . A, effect of HA concentration on HA binding. Shown is adsorption of 262-kDa HA to SLBs that were densely coated with His-HABD (blue circles) and (HABD) 2 -Fc (black triangles) as a function of HA concentration. B, effect of receptor surface density on HA binding. 10 g/ml 262-kDa HA were exposed to SLBs that were coated with His-HABD (blue circles) and (HABD) 2 -Fc (black triangles) at varying surface densities. A linear fit through the origin for receptor surface densities Ͻ1.5 pmol/cm 2 is also shown (solid orange line). Adsorbed amounts were determined by QCM-D; frequency shifts were converted into adsorbed masses or molar surface densities with the aid of calibration curves that were acquired from combined QCM-D/ellipsometry measurements (supplemental Fig. S1 ). Error bars correspond to experimental noise and uncertainties in the calculation of masses or surface densities from the frequency shifts. low polymer concentrations in solution. Furthermore, adsorption is expected to decrease drastically below a threshold molecular weight, provided that the attraction between individual binding sites on the polymer and the surface is weak. Experimentally, we could distinguish two different regimes for CD44 HA binding. For high molecular weight species (Ն262 kDa), binding was indeed irreversible and independent of molecular weight and HA concentration in solution, with adsorbed amounts of about 12 ng/cm 2 . With decreasing molecular weight, adsorbed amounts decreased strongly, and binding became progressively weaker or reversible and HA concentration-dependent. Stable half-maximal binding occurred at M W 50 of ϳ30 kDa. Taken together, these observations indicate that binding of HA can be described well in terms of adsorption of a flexible polymer to an adhesive surface.
Stoichiometry of HA Binding at Low Receptor Surface Density-At sufficiently low receptor coverage, the amount of adsorbed HA scaled linearly with the CD44 surface density, with ϳ27 receptors being available per 262-kDa HA chain (Fig.  7B) . It is instructive to compare the surface area per receptor at the lowest investigated receptor coverage (330 nm 2 ) with the dimensions of HA in solution. The essentially spherical swollen random coil that the HA chains adopt in solution would have a projected area of approximately ϫ R g 2 Ϸ 4300 nm 2 . An unperturbed HA chain that approaches the surface would hence cover a surface area that corresponds to ϳ13 receptors, which is 2 times less than the number of available receptors.
This apparent discrepancy may be explained by one of or a combination of the following scenarios. The receptor density may increase locally in the vicinity of a bound HA chain. The design of our model systems allowed lateral displacement of the bound receptors, as is the case on the cell surface, and clustering or oligomerization of CD44 was indeed proposed as one possible mechanism to enhance HA binding to cell surfaces (7, 51, 52) . Further experiments with model surfaces carrying immobile receptors will be useful to investigate whether ligand-induced reorganization of receptors can enhance ligand binding. In addition, the conformation of HA chains may change upon binding, adopting a flattened, pancake-like conformation on the surface, thereby increasing their projected area and the number of accessible receptors. Finally, there is systematic uncertainty in the determination of receptor and HA surface densities (supplemental Fig. S1 ).
Stability of Binding and Signaling-It has repeatedly been observed that the biological effect of HA depends on its molecular weight (18, 53, 54) . Specifically, CD44 binding of a fraction of HA defined operationally as "low molecular weight" (20 -500 kDa) has been reported to stimulate proliferation, whereas higher molecular weight fractions were inhibitory (18) , but the molecular mechanism behind the size dependence remains unknown. In our in vitro assay, we find a strong dependence between HA size and stability of binding. One may speculate that the stability of binding could, in the cellular/tissue context, be a trigger for signaling, which would relate molecular weight and signaling in a very simple functional way.
We note that the threshold molecular weight for stable binding of HA may well depend on a number of parameters, such as the affinity, mobility, and (local) surface density of active receptors, or modifications of the HA chains in ways that remain to be elucidated. Large HA complexes, such as the recently reported cable-like structures or cross-linked HA (10), for example, should bind even more stably to the cell surface than the longest individual HA chains.
Stability of Interaction and Mechanical Cues-We have assessed the stability of binding under conditions in which external mechanical forces on the HA chains or the receptors were negligible. Given that stable binding is the result of an ensemble of multiple weak HA-receptor interactions, binding can quickly become labile under even minor mechanical stress. Leukocytes, for example, may readily start to roll along an HAcovered surface upon application of shear flow, because under such conditions, the individual interactions between CD44 on the leukocyte surface and HA could be ruptured one-by-one, in a zipper-like fashion.
Comparison between Monomeric and Dimeric HABD-HA of 262 kDa bound stably, in similar amounts and with similar conformation to bilayers coated with either monomeric or dimeric CD44 HABD, suggesting that the strength of binding is not strongly affected by the dimeric presentation of HABD in the form of the Fc fusion. We have speculated previously that dimerization of CD44 can lead to the activation of its HA binding function via promotion of a conformational change in the HABD (13) . Clearly, the dimeric presentation that occurs in the context of the Fc fusion protein does not cause an increase in affinity and most likely does not represent the dimers that can be formed on the cell surface.
Comparison with the Cell Surface-The model surfaces that we have investigated here presented a rather high surface density of receptors, between 10-and 100-fold higher than the average densities that are typically found on CD44-expressing cells (55, 56) . The total amount of adsorbed HA decreased with decreasing receptor density (Fig. 7B) , although within the investigated range of receptor densities and for laterally mobile receptors, the molecular weight that is required for stable binding of HA did not depend strongly on the receptor density.
The receptor distribution on the cell surface is likely to be heterogeneous, and local enrichment (e.g. in membrane domains (57) or by dimerization via the cytoplasmic domains of CD44 (22)) has indeed been proposed. Our model surfaces may thus well represent local receptor concentrations and hence provide quantitative insight into the mechanism of local accumulation of HA on the cell surface.
We note that our receptor-bound HA films remain rather thin when compared with the typical thickness of hyaluronanrich cell coats that can be found on the endothelial cell surface (58) or around chondrocytes (59, 60) , for example. The thickness and HA surface density is also considerably lower than what we have reported previously for HA films in which the molecules were grafted by one of their ends to the surface (31), in agreement with theoretical predictions for adsorbed and end-grafted polymers, respectively. These observations imply that binding of HA to a cell surface that is covered with CD44 or other HA receptors alone is not sufficient to generate the thick coats of several hundred nm or more that are found around cells in vivo. Contributions from additional HA binding molecules, such as the pericellular matrix proteoglycans versican or aggrecan (59 -63) , and physical factors, such as membrane protrusions (64) , are almost certainly responsible for these observed differences. Nevertheless, it should be possible to incorporate some of these components during formation of in vitro HA films in future experiments to more closely reproduce the pericellular HA coats found in vivo.
Conclusions and Perspectives-We have developed model systems that provide direct and quantitative information about the binding of HA to an assembly of HA receptors in a biologically relevant arrangement. We showed that the multivalent interaction of a given HA chain with a receptor-covered surface confers stable binding, provided that the HA chains are long enough, whereas binding decreased rapidly for HA smaller than 30 kDa. The amount of bound HA decreased with decreasing receptor surface density, whereas the stability of binding was not affected. Our results suggest a biophysical explanation for the different binding behaviors of low and high M r HA that may underlie their distinct biological functions. The nature of HA as a flexible polymer needs to be considered to understand its binding and functional activities.
